The mammalian target of rapamycin (mTOR) is a kinase that functions in two distinct complexes, mTORC1 and mTORC2. In peripheral B cells, complete deletion of mTOR suppresses germinal center B-cell responses, including class switching and somatic hypermutation. The allosteric mTORC1 inhibitor rapamycin blocks proliferation and differentiation, but lower doses can promote protective IgM responses. To elucidate the complexity of mTOR signaling in B cells further, we used ATP-competitive mTOR kinase inhibitors (TOR-KIs), which inhibit both mTORC1 and mTORC2. Although TOR-KIs are in clinical development for cancer, their effects on mature lymphocytes are largely unknown. We show that high concentrations of TOR-KIs suppress B-cell proliferation and differentiation, yet lower concentrations that preserve proliferation increase the fraction of B cells undergoing class switching in vitro. Transient treatment of mice with the TOR-KI compound AZD8055 increased titers of class-switched high-affinity antibodies to a hapten-protein conjugate. Mechanistic investigation identified opposing roles for mTORC1 and mTORC2 in B-cell differentiation and showed that TOR-KIs enhance class switching in a manner dependent on forkhead box, subgroup O (FoxO) transcription factors. These observations emphasize the distinct actions of TOR-KIs compared with rapamycin and suggest that TOR-KIs might be useful to enhance production of class-switched antibodies following vaccination.
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kinase | B lymphocyte | rapamycin | class switching | differentiation B -cell activation by antigen leads to clonal expansion, followed by differentiation into plasma cells secreting antigen-specific antibodies. Early in an immune response, some B cells differentiate rapidly into plasmablasts that secrete antibodies that are mostly of the IgM isotype and of low affinity. Other B cells adopt a germinal center (GC) fate and undergo class switch recombination (CSR) and somatic hypermutation. Ultimately, GC B cells that survive selection become plasma cells secreting highaffinity antibodies of various isotypes or become long-lived memory B cells.
Extracellular inputs including B-cell receptor engagement, Toll-like receptor ligation, and cytokines, all activate the signaling enzyme phosphoinositide 3-kinase (PI3K) and its downstream target AKT (also known as protein kinase B) in B cells (1) . PI3K/AKT signaling and other inputs activate the mammalian target of rapamycin (mTOR), a multifunctional kinase that promotes cell growth, division, and metabolic reprogramming (1, 2) . The mTOR kinase is present in two cellular complexes, mTOR-complex 1 (mTORC1) defined by the raptor subunit and mTOR-complex 2 (mTORC2) defined by rictor (3) . The classical mTOR inhibitor rapamycin forms a complex with FKBP12 that partially inhibits mTORC1 and can disrupt mTORC2 assembly upon prolonged cellular exposure. mTORC1 acts downstream of AKT and other signals to promote biosynthetic processes essential for cell growth and division. mTORC2 acts upstream of AKT by phosphorylating Ser-473 in the AKT hydrophobic motif. mTORC2 and AKT function are required for subsequent phosphorylation of forkhead box, subgroup O (FoxO) transcription factors (4, 5) . When phosphorylated, FoxO factors exit the nucleus and transcription of FoxO target genes is reduced.
Recent studies illustrate the complexity of mTOR function in B cells. Conditional deletion of the mTOR gene in mouse B cells strongly impairs proliferation and GC differentiation (6) . Inactivation of mTORC2 in B cells, via rictor deletion, reduces mature B-cell survival and impairs antibody responses and GC formation (7) . At concentrations above 1 nM, rapamycin markedly impairs proliferation of both mouse and human B cells and suppresses antibody responses (8, 9) . However, at lower concentrations that preserve B-cell proliferation, rapamycin still suppresses class switching but unexpectedly promotes IgM responses that provide heterosubtypic protection from influenza (6, 10) . These studies suggest that overall mTOR signaling, as well as the relative activity of mTORC1 and mTORC2, controls the ability of B cells to divide and to differentiate.
ATP-competitive mTOR kinase inhibitors (TOR-KIs) block activity of both mTORC1 and mTORC2, and were developed to overcome limitations of rapamycin as anticancer agents (11, 12) . We reported that TOR-KIs do not block proliferation of normal mature B cells at concentrations that cause cell cycle arrest in pre-B leukemia cells (9) . However, the impact of TOR-KIs on immune function is still poorly characterized. In this study, we tested whether TOR-KIs can skew the differentiation of activated B cells. We found that partial mTORC1/mTORC2 inhibition or mTORC2 deletion increases CSR, whereas selective inhibition of mTORC1 suppresses CSR.
Significance
Rapamycin is an immunosuppressive drug that partially inhibits the cellular kinase mammalian target of rapamycin (mTOR). This study uncovers previously unidentified mechanisms of mTOR signaling in B cells. Antigen recognition and other signals activate mTOR, a central driver of lymphocyte proliferation and differentiation. However, mTOR forms two protein complexes (mTORC1 and mTORC2) whose roles in B-cell differentiation are poorly defined. We found that a new class of ATP-competitive mTOR kinase inhibitors (TOR-KIs) can augment antibody class switching at concentrations that partially inhibit mTOR activity. Mechanistic studies indicate that mTORC1 loss suppresses, whereas mTORC2 loss promotes, class switching. The dominant effect of TOR-KIs is to promote switching through mTORC2 inhibition. These findings establish distinct immunomodulatory activity of TOR-KIs compared with the canonical mTOR inhibitor rapamycin.
Results
High Concentrations of TOR-KIs Block B-Cell Proliferation. We reported previously that the TOR-KI compound PP242, when added at a concentration of 100 nM, fully suppresses mTOR signaling in B cells without blocking proliferation (9) . This result was surprising because the allosteric mTOR inhibitor rapamycin had only partial effects on signaling yet fully blocked B-cell proliferation (9) . Our initial signaling measurements were taken 15 min after B-cell stimulation (9), so we speculated that the effects of PP242 might be transient and wear off before the cell commits to division. To test this idea, we conducted a time course measuring phosphorylation of the ribosomal S6 protein at the Ser-240/244 site (p-S6), which is a sensitive readout of mTORC1 activity. Consistent with our prediction, 100 nM PP242 blocked p-S6 to near completion at 3 h after B-cell stimulation but much less at 24 and 48 h ( Fig. 1 A and B) . By 48 h, the cells had proliferated nearly to the same extent as control vehicle-treated B cells, as assessed by carboxyfluorescein succinimidyl ester (CFSE) dilution (Fig. 1B) . In contrast, increasing the concentration of PP242 to 400 nM caused sustained inhibition of p-S6 and blocked proliferation similar to cells treated with 10 nM rapamycin. Based on these results, in subsequent B-cell differentiation experiments, we used PP242 and other TOR-KIs at concentrations that have a minimal impact on proliferation ( Fig. 2 A and D and Fig. S1A ) and partially reduce phosphorylation of mTORC1 and mTORC2 substrates at 24 h (Fig. S1B ).
TOR-KIs Increase B-Cell Isotype Switching in Vitro. In a previous study, we administered PP242 to mice and assessed the effect on antibody responses to the T cell-dependent (TD) antigen nitrophenyl-ovalbumin (NP-OVA) (9) . We found that PP242 did not strongly suppress NP-specific IgM or IgG1 and caused a significant increase in the percentage of B cells with a GC phenotype in some experiments (9) . To define the B cell-intrinsic effects of TOR-KIs further, we assessed the differentiation of purified splenic B cells. We used four different TOR-KIs with distinct chemical structures (INK128, PP242, Ku-0063794, and AZD8055) to minimize the potential for off-target effects. Each compound increased the percentage of IgG1-switched B220 + B cells induced by anti-CD40 plus IL-4, a condition that mimics signals during a TD response and favors isotype switching to IgG1 (Fig. 2 A and  B) . Direct inhibition of AKT isoforms AKT1 and AKT2 also increased the frequency of switching to IgG1 (Fig. 2 A and B) . Similar results were observed when B cells activated by LPS plus IL-4 were treated with INK128, PP242, Ku-0063794, or AZD8055 (Fig. 2C) . Consistent with increased switching to the IgG1 isotype, postrecombination Iμ-Cγ1 transcripts were increased in B cells treated with TOR-KIs (Fig. S2 ). In addition, TOR-KI-treated B cells displayed an elevation in Aicda transcripts encoding activation-induced cytidine deaminase (Fig. 2G) , the mutator protein required for initiation of CSR (13) . As reported previously (14, 15) , inhibiting PI3K strongly induced switching to IgE with lesser effects of AKT inhibition (Fig.  S3 ). Under these conditions, TOR-KIs had minimal effects on switching to IgE, an isotype important for allergic responses (Fig.  S3) . Hence, the enhanced switching to IgG1 caused by TOR-KIs is distinct from the IgE increases caused by PI3K inhibition.
We next assessed the effect of TOR-KIs on differentiation into plasmablasts and antibody-secreting cells (ASCs) following stimulation with LPS. Plasmablast differentiation, as measured by cells with a B220 low CD138
+ phenotype, was decreased in a concentration-dependent manner by TOR-KIs, whereas AKT inhibition had no significant effect ( Fig. 2 D and E) . TOR-KIs also reduced IgM production, as measured by ELISA from cell culture supernatants of LPS-stimulated B cells (Fig. 2F) . Thus, our results demonstrate that TOR-KIs can directly alter B-cell differentiation fate, causing increased CSR and a reciprocal decrease in plasmablast and ASC differentiation.
In contrast to the effects of TOR-KIs, rapamycin reduced both CSR and ASC differentiation (Fig. 2) . The suppression of both differentiation pathways is consistent with early studies of rapamycin action in B cells (8) .
TOR-KIs Promote High-Affinity IgG1 Production in Vivo. To extend these observations to an in vivo system, we assessed the effect of TOR-KIs on B-cell responses in mice. Chronic treatment of mice with TOR-KIs did not increase antigen-specific IgG or IgM production consistently (9) (Fig. S4) . We reasoned that continuous Of the inhibitors tested in vitro ( Fig. 2 B and C), we chose AZD8055 for most in vivo experiments because it is well tolerated at a dose with anticancer activity in mice (20 mg·kg (16, 17) . Mice were treated daily for a total of 4 d with AZD8055 or vehicle alone, beginning the day before immunization and stopping 2 d postimmunization (PID 2). Immunization with NP-OVA was performed on PID 0, and mice were boosted on PID 21, thus allowing for the interrogation of both primary and secondary humoral immune responses. Transient AZD8055 treatment significantly increased primary NP-specific IgG1 antibody titers at PID 21 (P < 0.05) (Fig. 3A) . Secondary responses measured 7 d after antigen boosting (PID 28) were also augmented in AZD8055-treated mice (Fig. 3A) . Transient AZD8055 treatment also significantly increased the production of high-affinity anti-NP antibody in the primary and secondary responses (Fig. 3B) . Similar results were observed in a separate cohort of mice treated transiently with INK128 before and after NP-OVA immunization (Fig. S5) .
Augmented B-cell class switching could be driven, in part, by drug effects on non-B cells in vivo. For example, the differentiation of follicular helper T (T FH ) cells is known to be influenced by PI3K activity (18) . Interestingly, mice in the AZD8055 treatment group showed an increase in T FH -cell percentages, as measured by a CD4 + C-X-C chemokine receptor type 5-high (CXCR5 high ) programmed cell death protein 1-positive (PD1 + ) immunophenotype (Fig. 3C ). Treatment of CD4 T cells with the TOR-KIs AZD8055 and INK128 in vitro potentiated T FH cell differentiation, whereas PI3K or AKT inhibitors suppressed T FH -cell percentages (Fig. 3D ). The effect of AZD8055 was significantly stronger when the drug was removed from the culture after 24 h (Fig. 3D) . Thus, the ability of TOR-KIs to promote class switching may involve increased T FH -cell differentiation.
Next, we evaluated other parameters of B-cell differentiation at PID 28. Transient AZD8055 treatment increased production of NP-specific IgM in the secondary response, including highaffinity IgM (Fig. 3E ). This result suggests that transient pharmacological inhibition of mTOR does not block terminal differentiation of IgM-secreting plasma cells, and might instead lead to increased output of post-GC cells secreting high-affinity IgM. At PID 28, the percentage of GC B cells was not significantly increased in AZD8055-treated animals compared with the vehicle control group (Fig. 3F ). To gain a preliminary assessment of memory B-cell formation, we enumerated the percentage of B220 + , IgD − , surface IgG1 + NP-binding cells at PID 28. As expected, vehicle-treated immunized animals showed a trend Next, we assessed the antibody response to a live-attenuated strain of Salmonella Typhimurium. The early humoral response to Salmonella in C57BL/6 mice is dominated by IgM antibodies and an extrafollicular IgG2c response, with GCs delayed until several weeks after infection (19, 20) . In C57BL/6 mice infected with a vaccine strain of Salmonella, transient treatment with AZD8055 starting the day before immunization was poorly tolerated. We then switched to a protocol in which mice were treated during days 3-6 after immunization. Under these conditions, AZD8055 did not alter the early IgM response or induce IgG3 production at day 14 postinfection (Fig. S6A) , whereas it decreased early IgG2c production. However, by day 29 postinfection, there was a significant increase in Salmonella-specific antibodies of IgM isotype, increased IgG3 in three of four mice, and no difference in IgG2c isotype (Fig. S6B) . At day 29 postinfection, the percentage of T FH cells was also increased in AZD8055-treated mice, and two mice in this group had elevated GC B-cell percentages (Fig. S6C) . Further work is needed to identify conditions in which TOR-KIs strongly improve antibody production to pathogens and vaccines; nevertheless, the in vivo data largely recapitulate our in vitro findings.
TOR-KIs Improve Antibody Responses in Aged Mice. Age-related decreases in immune function can be attributed to defects in the innate and adaptive immune compartments, including humoral immunity (21) . Therefore, we assessed the impact of AZD8055 on in vivo humoral responses to NP-OVA in aged mice, using the transient dosing protocol as described above. We observed a reduction in NP-specific IgG1 in aged mice compared with young mice, which was largely reversed by AZD8055 treatment (Fig.  4A ). Total and high-affinity NP-specific IgG1 antibody titers from AZD8055-treated mice 7 d after boosting were statistically significant (P < 0.05) vs. the vehicle-treated group (Fig. 4A) . These data provide evidence that TOR-KI treatment in the vaccine setting may help correct age-related defects in CSR and help improve humoral immune responses in the elderly. Similar to young AZD8055-treated mice, the percentage of GC B cells was not significantly increased at PID 28 in AZD8055-treated aged mice (Fig. 4B ).
Rapamycin Reduces CSR by a Mechanism Partly Independent of Proliferation. To gain further insight into the mechanism of mTOR inhibitor action, we measured B-cell proliferation and IgG1 class switching over an extended dose-response of rapamycin or INK128 (Fig. 5) . The partial mTORC1 inhibitor rapamycin reduced CSR at concentrations as low as 0.02 nM, with complete inhibition achieved by 0.4 nM. INK128 enhanced CSR at 10 nM, but higher concentrations caused increasing inhibition. Notably, rapamycin ablated CSR even at a concentration (0.4 nM) that partially preserved proliferation, whereas some B cells treated with a high concentration of INK128 (100 nM) still switched to IgG1 even without proliferation. Thus, the roles of mTORC1 and mTORC2 in cell division are partly independent of their roles in differentiation.
Inactivation of mTORC1 vs. mTORC2 Has Opposing Effects on CSR. As a genetic approach to assess the roles of mTORC1 and mTORC2, we isolated B cells from mice possessing conditional (floxed) alleles of rictor or raptor. Deletion of rictor using CD19Cre (rictor-flox/ CD19Cre; termed rictor ΔB ) did not significantly alter B-cell subset frequencies (Fig. S7A) . In resting mature B cells, rictor expression was not completely reduced, suggesting incomplete and/or ongoing deletion (Fig. 6A) . Consistent with reduced mTORC2 function, AKT phosphorylation at S473 was lower in B cells from rictor ΔB mice (Fig. 6A) . Importantly, this effect was specific to mTORC2, because S6 phosphorylation, a sensitive readout of mTORC1, was unaffected in rictor ΔB B cells (Fig. 6A) . To address the role of mTORC1, we analyzed B cells from raptor ΔB mice in which the raptor-flox allele is deleted at the transitional B-cell stage using CD21Cre. As with rictor ΔB , B-cell development was largely normal in raptor ΔB (Fig. S7B) . Raptor expression was also not completely reduced in resting mature B cells (Fig. 6D) , and this partial deletion corresponded to a reduced but not complete reduction in S6 phosphorylation in raptor ΔB B cells (Fig. 6D ). Next, we tested functional responses in B cells with partial loss of rictor or raptor. In response to anti-CD40 plus IL-4, rictordeficient B cells proliferated to a similar degree as WT, whereas raptor-deficient cells proliferated less (Fig. 6 B and E) . To compare the capacity of cells to undergo class switching, we gated on divided cells and calculated the percentage of IgG1 + cells. The results showed consistently less switching in divided raptor ΔB B cells compared with control (Fig. 6F) . These findings are consistent with the effects of rapamycin on B-cell division and differentiation (Fig. 5) . In contrast, rictor ΔB B cells showed significantly more switching to IgG1 than control (Fig. 6C) . Importantly, adding low-dose TOR-KI (1-5 nM INK128) to rictor ΔB B cells did not further increase CSR (Fig. 6C) .
We also measured plasmablast generation in B cells stimulated with LPS alone. The raptor ΔB B cells showed reduced ASC generation, whereas the rictor ΔB B cells were similar to control (Fig. 6 C and F) . Together, these genetic interventions support the conclusion that mTORC1 inhibition suppresses both CSR and plasmablast generation, whereas mTORC2 inhibition increases CSR with little effect on plasmablast generation.
FoxO Is Required for TOR-KI-Mediated Increases in CSR.
FoxO transcription factors are phosphorylated and inactivated by AKT and by serum-and glucocorticoid-regulated kinases (SGKs) in a manner dependent on mTORC2 (4, 5) . Considering that FoxO factors are required for class switching (22) , it is possible that TOR-KIs increase CSR through a FoxO-dependent mechanism. To test this possibility, we measured differentiation in B cells lacking FoxO1, FoxO3a, and FoxO4. Mice bearing floxed alleles of Foxo1, Foxo3a, and Foxo4 and the inducible Mx1-Cre transgene (23, 24) were injected two times with polyinosinic:polycytidylic acid (polyI:C) before purification of splenic B cells. As a control, we confirmed that TOR-KIs increased IgG1 switching in B cells from polyI:C-treated FoxO triple-floxed mice lacking Mx1-Cre (Fig. S8) . In cells from Mx1-Cre + mice, intracellular staining for FoxO1 protein expression revealed incomplete deletion, with ∼50% of B220 + cells showing low FoxO1 expression (Fig. 7A) . The presence of a mixed population allowed us to compare differentiation in Foxo1-deficient (FoxO1-low) and Foxo1-sufficient (FoxO1-high) cells within the same culture (Fig. 7A) . Fig. 7B shows that TOR-KI treatment caused a concentration-dependent increase in IgG1-switched cells among the FoxO1-high population, consistent with the effects in WT B cells and Mx1-Cre − cells. Strikingly, FoxO depletion caused a nearly complete block in IgG1 switching in vehicle-treated cells and prevented the CSR increase in TOR-KI-treated cells (Fig. 7B ). FoxO1-low cells also did not increase CSR when treated with the AKT1/2 inhibitor or with a pan-PI3K inhibitor, GDC-0941. The latter observation is consistent with the finding that the PI3K p110δ inhibitor IC87114 does not increase CSR in Foxo1-deficient B cells under IgG1 switching conditions (22) . These data reconfirm the role of FoxO transcription factors in basal CSR and provide further evidence that TOR-KI-mediated CSR enhancement is through the AKT-FoxO signaling axis. Discussion TOR-KIs are a powerful new class of compounds that inhibit both rapamycin-sensitive and rapamycin-resistant mTOR functions. These agents not only have great promise for clinical management of cancer but also represent new chemical tools for probing the function of mTOR kinase activity in various cell types. Here, we have used a panel of chemically distinct TORKIs to demonstrate that mTOR kinase inhibition increases the fraction of activated B cells undergoing antibody class switching. These results were seen at TOR-KI concentrations that cause transient mTORC1/2 inhibition and only partially reduced signaling after 24 h in B cells. The effect of AKT inhibition or partial mTORC1/2 inhibition to increase CSR requires FoxO transcription factors. In addition, the expression of Aicda in activated B cells is known to be FoxO1-dependent (22) , and Aicda mRNA was increased in cells treated with TOR-KIs or AKT inhibitor. These data support the model that mTORC2 inhibition by TOR-KIs reduces AKT activity, increasing FoxO activity to drive the enhanced class-switching response in TOR-KI-treated B cells (Fig. 8) . This model is consistent with previous studies showing that PI3K activity suppresses CSR through AKT-dependent inactivation of FoxO1, whereas PI3K inhibition or FoxO activation promotes CSR (22, 25) .
The enhanced production of class-switched antibodies by mTORC1/mTORC2 inhibition is surprising, considering the wellknown immunosuppressive activity of rapamycin and the impaired survival and differentiation of mouse B cells lacking mTOR (6) . Our in vitro studies establish the importance of using intermediate doses of competitive mTOR inhibitors that transiently inhibit both mTORC1 and mTORC2. At higher concentrations, TOR-KIs sustain mTOR inhibition and block B-cell proliferation to a similar degree as rapamycin, probably through strong mTORC1 inhibition (Fig. 8 ). Supporting the model that TOR-KIs increase CSR via mTORC2 inhibition, genetic loss of mTORC2 (via partial rictor deletion) causes increased CSR that is not elevated further by TOR-KI treatment. Our findings contrast with a (rictor ΔB ) were subjected to Western blotting to check rictor protein levels (Left). RBC-lysed total splenocytes from the indicated genotypes were activated with αCD40 + IL-4 for 24 h, and intracellular phosphoflow (p-Flow) analysis was performed to measure mTORC1 (pS6-S240/244) and mTORC2 (pAKT-S473) activity. The fold change in median fluorescence intensity was calculated and subjected to log 2 conversion to obtain p-Flow score values as previously described (9) . Data are reported as mean ± SD [n = 3 (pAKT) or n = 2 (pS6)]. An unpaired Student t test was used for statistical analysis of the pAKT data. I.e., long exposure; s.e., short exposure. recent report that deletion of rictor in B cells reduces survival and proliferation, and impairs class switching (7) . It appears that these systems achieve differential efficiency of rictor deletion. Boothby and coworkers (7) obtained efficient deletion using Vav-Cre, where rictor is deleted in all hematopoietic cells, or using an inducible Cre (fused to the estrogen receptor hormone binding domain) by which chronic in vivo tamoxifen treatment directs rictor deletion in all cell types. We used CD19Cre, which mediated partial deletion of rictor in B cells and partial but not complete loss of mTORC2 signaling. Partial rictor deletion allowed B cells to survive and proliferate, and led to enhanced class switching. The results we obtained with rapamycin titrations are consistent with recent evidence that mTORC1 inhibition can suppress CSR independent of proliferation (10) (Fig. 8 ). An interesting finding is that when both complexes are partially inhibited by intermediate concentrations of TOR-KIs, the effect of mTORC2 inhibition is dominant for CSR (enhancement), whereas mTORC1 inhibition is dominant for ASC generation (inhibition).
Our findings also demonstrate that TOR-KIs can improve humoral immune responses in vivo. Daily dosing with AZD8055 for a limited time (4 d) increased antigen-specific IgG1 production in young and aged mice immunized with a model antigen. Extended treatment with INK128 did not enhance IgG1 production, possibly resulting from impaired plasma cell differentiation. The in vitro data suggest that TOR-KIs promote CSR, in part, through B cell-intrinsic effects. However, AZD8055 was reported to enhance innate immune activation to promote anticancer immune responses (26) ; therefore, mTOR inhibition might augment immune responses, in part, through stimulating inflammatory cytokine production (27, 28) . In addition, our data show that TOR-KIs can promote T FH -cell differentiation both in vitro and in vivo. Further experiments will be needed to determine the mechanism of enhanced T FH differentiation and how this effect is modulated by different drug doses and schedules.
Overall, our findings emphasize that targeted inhibitors of the PI3K/AKT/mTOR pathway have important immunomodulatory effects at concentrations that do not strongly suppress lymphocyte clonal expansion. Additional studies will be required to determine whether TOR-KIs stimulate faster or more potent antibody responses to different immunogens and with distinct adjuvants and routes of administration. Eventually, TOR-KI treatment could be used to improve vaccine efficacy or to boost the production of class-switched antibodies in animals for biomedical applications.
Materials and Methods
Mice and Reagents. C57BL6 mice were bred at the University of California, Irvine, and used at between 6 and 12 wk of age. Aged mice, 16-18 mo old, on a C56Bl6/SJL mixed background with a transgenic GFP expressed under CD88 promoter were kindly donated by Andrea Tenner (University of California, Irvine). Raptor fl/fl mice on a C57BL6 background were obtained from the Jackson Laboratories (stock no. 013138) and have been described previously (29) . Rictor fl/fl mice on a C57BL6 background were a generous gift from Mark Magnuson (Vanderbilt University, Nashville, TN) and have been . These signals converge on the lipid kinase PI3K, leading to activation of the Ser/Thr kinase AKT. The predominant action of AKT is to suppress CSR by inactivating FoxO transcription factors that are required for this process (22, 25) . Thus, inhibitors of PI3K or AKT tend to increase CSR. mTOR exists in two complexes with complex roles in CSR. mTORC1 (defined by the raptor subunit) promotes CSR through an unknown mechanism (multiple arrows) that is partially independent of the role of mTORC1 in B-cell proliferation. Consequently, deletion of raptor or treatment with the selective mTORC1 inhibitor rapamycin suppresses CSR. mTORC2 (defined by the rictor subunit) suppresses CSR by promoting AKT phosphorylation, leading to FoxO inactivation. Thus, partial deletion of rictor increases CSR. When B cells are treated with TOR-KIs at submaximal concentrations that preserve proliferation, the mTORC2 effect dominates and CSR increases. At higher concentrations, full inhibition of both mTORC1 and mTORC2 suppresses proliferation and CSR. Although AKT can promote mTORC1 activity (multiple arrows), inhibition of PI3K/AKT does not completely suppress mTORC1 signaling in activated B cells (36) . described previously (30) . CD21-Cre mice were obtained from the Jackson Laboratories (stock no. 006368). In Vitro B-Cell Inhibitor Treatment. Where the use of pharmacological inhibitors was indicated, a 1× concentration of inhibitor was added to corresponding wells containing purified B cells and allowed to incubate for 15 min at 37°C in a tissue culture incubator. Following the incubation time, another 1× concentration of inhibitor was added to each corresponding well, followed by a 2× concentration of stimuli. Well contents were mixed by pipetting following both inhibitor additions. Pharmacological inhibitors were used at the following concentrations: PP242 (10 nM, 100 nM, and 400 nM), AZD8055 (1 nM and 10 nM), INK128 (1 nM, 5 nM, 10 nM, and 50 nM), Ku-0063794 (100 nM and 300 nM), rapamycin (0.02 nM, 0.04 nM, 0.08 nM, 0.1 nM, 0.2 nM, 0.4 nM, 0.8 nM, 1 nM, 5 nM, 10 nM, and 20 nM), Akti (500 nM and 1 μM), GDC-0941 (100 nM and 250 nM), and IC87114 (500 nM and 1 μM).
RNA Extraction, RT, and Quantitative RT-PCR. B-cell RNA was extracted using TRIzol reagent (Invitrogen), followed by organic phase purification with Quick-RNA MiniPrep according to the manufacturer's protocol (Zymo Research). For Aicda, purified B cells were stimulated with CD40L plus IL-4 or anti-CD40 plus IL-4 for 66 h. For postrecombination Iμ-Cγ1, B cells were stimulated as stated above. cDNA synthesis was carried out on 500 ng to 1 μg of total RNA using iScript Reverse Transcription Supermix (BioRad) for RT-quantitative PCR (qPCR). Gene expression of postrecombination Iμ-Cγ1 and Aicda was performed using iTaq Universal SYBR Green Supermix (BioRad), appropriate primers, and Eppendorf Mastercycler ep realplex2 and realplex 2.2 software. Mouse L32 was used as the housekeeping gene. The ratio of gene expression change was determined by the delta-(delta-Ct) method. The following primers were used for qPCR: Iμ-Cμ forward primer 5′-ACCTGGGAATGTATGGTTGT-GGCTT-3′ and reverse primer 5′-TCTGAACCTTCAAGGATGCTCTTG-3′, Iμ-Cγ1 forward primer 5′-ACCTGGGAATGTATGGTTGTGGCTT-3′ and reverse primer 5′-ATGGAGTTAGTTTGGGCAGCA-3′, Aicda forward primer 5′-TGCTACGTG-GTGAAGAGGAG-3′ and reverse primer 5′-TCCCAGTCTGAGATGTAGCG-3′, and mL32 forward primer 5′-AAGCGAAACTGGCGGAAAC-3′ and reverse primer 5′-TAACCGATGTTGGGCATCAG-3′. Flow Cytometry, CFSE Labeling, and Antibodies. Before cell surface staining, cells were incubated with TruStain fcX in FACS buffer (0.5% BSA + 0.02% NaN 3 in 1× HBSS) to block Fc receptors for 10 min on ice. Immunophenotyping of mice was performed on splenocytes after RBC lysis. Staining with antibodies was subsequently performed, also with FACS buffer and on ice for 20 min. Flow cytometry antibodies and other reagents used were as follows: CD4 (OKT4), B220 (RA3-6B2), IgG1 (RMG1-1), PD-1 (29F.1A12), IL-21 (FFA21), and IL-17A (TC11-18H10.1) (all from BioLegend); IgD (11-26c), CD38 (90), IgM (eB121-15F9), CD21 (4E3), and CD93 (AA4.1) (all from eBioscience); NP-phycoerythrin (Biosearch Technologies); and Fas (CD95; clone Jo2), CD138 (281-2), and CXCR5 (2G8) (all from BD Biosciences). CFSE labeling of B cells to track proliferation was performed as described elsewhere (32) . Flow cytometric data were analyzed using FlowJo software (TreeStar).
Bacterial Strain and Growth Conditions. Attenuated Salmonella enterica serovar Typhimurium strain SB824 (sptP::Kan ΔaroA) is a derivative of strain SL3261, and it was previously described (33) (34) . Serovar Typhimurium was routinely incubated aerobically at 37°C in LB broth (10 g of tryptone, 5 g of yeast extract, and 10 g of NaCl per liter).
Immunization of Mice with Recombinant Salmonella and AZD8055 Dosing. Specific pathogen-free female C57BL/6 mice, 6-8 wk old, were purchased from Taconic. For the experiments, animals were housed in groups of five mice under barrier conditions. Mice were immunized via i.p. injection with 5 × 10^3 cfu of the indicated Salmonella vaccine strain. Where indicated, mice were dosed with AZD8055 at 10 mg/kg p.o. for a total of 4 d beginning on PID 3.
Salmonella FACS. Attenuated Salmonella enterica serovar Typhimurium strain SB824 was grown overnight under static conditions. A total of 1 × 10^9 bacteria were aliquoted out into 1.7-mL microcentrifuge tubes and washed twice with 0.05% BSA in HBSS. After the last wash, samples were blocked on ice with 100 μL of wash buffer for 30 min. Following the blocking step, samples were washed one more time and stained with 100 μL of mouse serum at a concentration of 1:50 in wash buffer for 1 h on ice. Samples were then washed again and stained 1:100 with α-mouse IgM (A85-1; BD Biosciences), α-mouse IgG3 (R40-82; BD Biosciences), or α-mouse IgG2c (Southern Biotech) for 1 h on ice. Flow cytometric data were analyzed with FlowJo software.
In Vitro T Follicular-Cell Differentiation. Mouse-naive CD4 + T cells and follicular B cells were purified by magnetic separation using appropriate kits from Miltenyi Biotec. CD4 + T cells were incubated with indicated inhibitors for 15 min and then stimulated with α-CD3e (1 μg/mL, 145-2C11; BioLegend) and follicular B cells for costimulation. To make T follicular-cell skewing media, complete RPMI was supplemented with α-mouse IL-2 (JES6-1A12), IL-4 (11B11), IL-12 (C17.8), and IFN-γ (XMG1.2) (all at 10 μg/mL; eBioscience); anti-mouse TGF-β1 (20 μg/mL, TW7-20B9; BioLegend); and IL-6 (30 ng/mL; BioLegend). Cells were cultured for 5 d, and, where indicated, inhibitors were washed off after 24 h. Six hours before harvest, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) (100 ng/mL; Sigma-Aldrich), ionomycin (1 μM; Sigma-Aldrich), and protein transport inhibitor mixture (1×; eBioscience) before intracellular cytokine expression profiling.
